Background. High Klotho expression has been detected in the kidney, and since the results of a recent study suggested that Klotho induction mitigates ischaemic damage in the kidney, in the present study we explored the mechanism by which Klotho expression reduces renal ischaemiareperfusion injury (IRI). Methods. Male mice were subjected to bilateral renal ischaemia for 30 min and reperfusion for 24 h, or to a sham operation. Both the IRI group and the sham group were intravenously injected with an adenovirus harbouring the mouse Klotho gene (ad-kl) before renal IRI. In addition, mIMCD3 cells induced to overexpress Klotho by transferring the Klotho gene with ad-kl were analysed by DNA microarray and real-time PCR. Renal expression of Klotho and several genes selected by DNA microarray were assessed by real-time PCR or Western blotting, and TUNEL staining was performed to assess apoptosis. Klotho mitigates ischaemic acute kidney injury 61 expression of heat shock protein 70 (HSP70), in particular, was up-regulated in ad-kl mouse kidneys and HK2 cells. Conclusion. The results suggest that Klotho is involved in the pathophysiology of IRI. Klotho mitigates apoptosis in experimental ischaemic acute kidney injury via expression of HSP70.
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Introduction
Klotho gene expression defects in the mouse result in a syndrome resembling human ageing that includes a shorter lifespan, infertility, arteriosclerosis, mitral annular calcification, skin atrophy, osteoporosis and emphysema [1] , and overexpresssion of Klotho in mice has the opposite effect of extending their lifespan. Klotho protein functions as a circulating hormone that binds to a cell-surface receptor and represses intracellular signals triggered by insulin and insulin-like growth factor-1 (IGF1) in an evolutionarily conserved mechanism of lifespan extension [2, 3] . The Klotho gene is predominantly expressed in the kidney and choroid plexus, and there is little if any expression in other organs [1] . A splice variant of Klotho mRNA that encodes a putative secreted protein has been identified [4] , and recent studies have shown that Klotho is essential for fibroblast growth factor-23 (FGF23) signalling [5, 6] . Klotho expression is suppressed in several animal models of stress [7] , and renal expression of the Klotho gene has been reported to be markedly suppressed in chronic renal failure patients [8] . Our previous studies suggested that Klotho gene induction mitigates renal damage caused by oxidative stress both in vivo and in vitro [9, 10] . Klotho has also been reported to regulate oxidative stress through insulin/IGF-1 signalling [2] . The above findings suggest that stressful conditions down-regulate Klotho expression, resulting in cell or organ dysfunction that resembles age-related complications, and that Klotho overexpression reduces damage caused by oxidative stress.
Since investigations of the mechanism of development of the renal dysfunction and injury in ischaemia-reperfusion injury (IRI) following acute kidney injury have revealed involvement of oxidative stress, inflammation, adhesion molecules, apoptosis and nitric oxide [11] [12] [13] [14] [15] [16] , in the present study, we adopted the murine model of stress-induced kidney injury, i.e. renal IRI, to investigate the mechanism that regulates Klotho expression in the kidney. In addition, to clarify the possible physiological role of the Klotho gene in this model, an exogenous Klotho gene was transfected into mice before creating IRI, and the kidney was analysed for functional and histological changes. In a previous study, we examined the relationship between IRI and Klotho in a rat model of IRI, and since Klotho overexpression was detected in the liver but not in the kidney or serum in that study [10] , in the present study we tried to induce overexpression of Klotho in the kidney of mice by transferring the Klotho gene by the hydrodynamic method. We also used a recombinant adenovirus vector to investigate regulation of Klotho gene expression in vitro in mouse inner medullary collecting duct 3 (mIMCD3) cells and HK2 cells, and in vivo in mouse kidney.
Methods

Experimental animal model
The in vivo experiments were conducted on 64 male Balb/c mice weighing 20 g (7-8 weeks old), which were given free access to standard food and water and cared for in accordance with the Institutional Animal Research Committee Guide for the Care and Use of Laboratory Animals published by the U.S. National Institutes of Health (NIH publication number 85-23, revised 1996). All animals were anaesthetized with pentobarbital before surgery. The animals were randomly divided into (1) a renal IRI group and (2) a sham-operation group. The renal ischaemia-reperfusion model in the IRI group was produced by following the same procedure as previously reported [17] . Briefly, mice were under anaesthesia on a heating pad (37 • C), the renal arteries were exposed bilaterally via a midline abdominal incision and after clamping them with arterial clips for 30 min, the ischaemic kidneys were reperfused for 24 h. In the sham-operated group, the nonischaemic kidneys were submitted to the same protocol as above. After predetermined periods, the animals were killed under general anaesthesia. Blood samples were collected, and both kidneys were removed.
Cell culture mIMCD3 cells and HK2 cells, a line of human renal proximal tubular epithelial cells, were grown to confluence in Dulbecco's modified Eagle medium/Ham's F12 (1:1) (Life Technologies, CA, USA) and PRMI1640 (Gibco, CA, USA), respectively, both of which were supplemented with 10% fetal bovine serum (JRH Biosciences, KS, USA), 100 units/ml penicillin and 100 µg/ml streptomycin (Life Technologies) on plastic dishes (Falcon, NJ, USA). To minimize age-dependent variation, the cells from passages 18-22 were used.
Hydrogen peroxide experimental protocol:HK2 cells were exposed to a 100 µM hydrogen peroxide (H 2 O 2 ) concentration for 24 h.
Construction of recombinant adenoviruses and adenovirus-mediated transfer
An adenovirus encoding the mouse Klotho gene (ad-kl) (generously provided by Kyowa Hakko Kogyo, Shizuoka, Japan) was constructed by using cosmid cassettes and the adenovirus DNA-terminal protein complex (COS-TPC) method as described elsewhere [18] . An adenovirus harbouring the Escherichia coli β-galactosidase gene was designated ad-LacZ. Vectors were purified by two consecutive CsCl gradient ultracentrifugations, dialysed at 4 • C against a sterile virus buffer, and stored at −80 • C until used. The titre of recombinant adenovirus was measured with 293 cells by the 50% tissue culture infective dose (TCID50) method. TCID50 assays were performed at least twice and always included the same adLacZ viral preparation as the standard control. A dose of 1.6 × 10 10 plaque-forming units (pfu) of purified recombinant Klotho adenovirus was injected into mice via the tail vein.
Overexpression of Klotho in culture cells
The mIMCD3 and HK2 cells that had reached confluence on plastic dishes were infected with ad-kl or ad-LacZ viruses (3.2 × 10 7 pfu) for 24 h in the presence or absence of 5 µM HSP70 inhibitor [quercetin (Sigma, MO, USA)], and cell samples were collected.
Overexpression of Klotho in mouse kidneys
We used the hydrodynamic method [19] to administer ad-kl by bolus injection via the tail vein within 5 s, and Klotho overexpression was subsequently confirmed in the kidney. The renal ischaemia-reperfusion procedure was carried out 24 h after gene transfer. The ischaemic kidneys were reperfused for 24 h.
DNA microarray analysis
Affymetrix GeneChip technology was used as previously described. cDNA was synthesized from total RNA (8.0 µg) with a Superscript Choice kit (GibcoBRL, Rockville, MD, USA) and T7 polymerase (Megascript T7 Kit; Genes whose expression decreased in the ad-kl-treated mIMCD3 cells D13867 VLA-3alpha: VLA-3 alpha subunit −2
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Ambion Inc., Austin, TX, USA). Biotin-labelled cRNA was synthesized by in vitro transcription with the MEGAscript T7 Kit (Ambion Inc.). The amplified cRNA was purified with an affinity resin column (RNeasy, Qiagen, Valencia CA, USA) and then fragmented by incubation at 94 • C for 35 min. A 20 µg sample of the fragmented cRNA was hybridized to the GeneChip U74A Array Set (Affymetrix, Santa Clara, CA, USA), allowing us to monitor the abundance of about 10 000 mRNA transcripts. Hybridization was performed for 16 h at 45 • C in a rotisserie hybridization oven at 1× g. The arrays were washed and stained according to GeneChip fluidics station protocol EukGE-WS2. The probe arrays were then scanned with the GeneChip System confocal scanner (Hewlett-Packard), controlled by the GeneChip 3.1 software (Affymetrix).
RNA isolation, reverse transcription (RT) and real-time PCR
Total RNA was extracted from the kidney and liver with TRIZOL (Invitrogen, Tokyo, Japan). cDNA was then prepared with a SuperScript kit (Invitrogen) from 5 µg of total RNA and Oligo (dT) for analysis by real-time PCR with Prism 7700 (PE Applied Biosystems, CA, USA) and specific primers, and finally normalized with mouse glyceraldehyde-3-phosphate dehydrogenase (GAPDH) by using the TaqMan Rodent GAPDH Control Reagents kit (PE Applied Biosystems). This assay was performed as previously described [10] . The primers used for real-time PCR are shown in Table 2 .
Western blotting
Frozen kidney specimens were immersed in a lysis buffer (20 mM Tris buffer, pH 7.5, containing 1 mM phenylmethylsulfonyl fluoride, 10 µg/ml aprotinin, 2 mM DL-dithiothreitol, 1% polyoxyethylene sorbitan monolaurate, 1 mM ethylenediamine tetraacetate), homogenized on ice and centrifuged at 1500× g for 10 min. Then, 100 µg of protein from each sample was suspended in a loading buffer, separated on a 10% polyacrylamide gel (Ready Gels J, BIO-RAD, CA, USA) and electrophoretically transferred to a nitrocellulose membrane. The membranes were blocked with 3% skim milk overnight at 4 • C. A monoclonal antibody against the recombinant human Klotho protein, KM2076 [20] (generously provided by Kyowa Hakko Kogyo, Shizuoka, Japan) and antibodies against HSP70 (Stressgen, MI, USA), Bcl-xl, Bcl-2 and beta-Actin (Santacruz, CA, USA) were used at a 1:3000 dilution. The primary antibody was applied overnight at 4 • C. After two 10-min washing steps with the washing buffer (0.3% Tween20 in PBS), the membrane was incubated with horseradishperoxidase-conjugated rabbit anti-rat immunoglobulins (DAKO) for 1 h at room temperature for Klotho. The membrane was then incubated with an ECL Western blotting system (Amersham Biosciences, CA, USA), and x-ray film was exposed to it. Quantification was performed by measuring relative density with Image J, an image processing program.
Immunohistochemical staining
The kidneys were fixed with 4% paraformaldehyde in PBS for 16 h at 4 • C, and then embedded in paraffin. Paraffin sections 3 µm thick were deparaffinized and hydrated, and the sections were incubated for 30 min in 0.3% H 2 O 2 in methanol. A Vectastain ABC Kit rat IgG (Vector Laboratories, CA, USA) was used for immunohistochemical staining. The sections were blocked with rabbit serum (20 mM Tris, 225 mM NaCl, 0.15% rabbit serum) for 20 min and then incubated for 30 min with the primary antibody against the recombinant human Klotho protein, KM2076 or against HSP70. After incubation with the biotinylated secondary antibody solution for 30 min, the sections were stained with Vectastain ABC Reagent for 30 min, and then exposed to the peroxidase substrate solution included in the DAB substrate kit (Vector Laboratories).
Detection of apoptotic cells-terminal deoxyribonucleotide transferase (TdT)-mediated dUTP nick-end labelling (TUNEL) stain
The TUNEL procedure was applied to kidney sections to detect DNA fragmentation as an index of apoptosis. Counterstaining was performed with 4 ,6-diamidine-2 -phenylindole dihydrochloride (DAPI) dye (1 µg/ml, Kirkegaard Perry Laboratories, Tokyo, Japan). Paraffin sections 3 µm thick fixed with 4% paraformaldehyde in PBS were stained with a TMR red In Situ Cell Death Detection Kit (Roche, Basel, Swiss). Deparaffinized kidney sections were incubated in the permeabilization solution (0.1% TritonX-100 in 0.1% sodium citrate) for 2 min on ice. The sections were incubated with TUNEL reaction mixture for 60 min at 37 • C in the dark. The sections were exposed to DAPI dye for 4 min in the dark. Finally, the sections were mounted with VectaShield (Vector Laboratories).
Measurement of biochemical parameters
The blood samples were centrifuged at 1500× g for 10 min, and the plasma was removed. Plasma creatinine (PCr) concentrations and plasma urea nitrogen (PUN) concentrations were measured with an auto-analyser (SRL, Tokyo, Japan) and used as an indicator of glomerular function.
Histological examinations
The kidneys were fixed with 4% paraformaldehyde in PBS and embedded in paraffin, and 3-µm paraffin sections were routinely stained with haematoxylin-eosin (HE) and periodic acid-Schiff (PAS) reagent. The histological examinations were performed by three renal pathologists in a blinded fashion [21] . Histological changes due to tubular necrosis were quantified by calculating the percentage of tubules displaying cellular necrosis, loss of brush border, cast formation and tubule dilatation, and thus scored (ATN score): 0, none; 1, 10%; 2, 11-25%; 3, 26-45%; 4, 46-75%; and 5, >76%. At least 15 fields (× 200) of each slide of the HE-stained specimens were reviewed.
Statistical analysis
Data were reported as means ± SD. The statistical analysis was performed with Excel for Windows software. The unpaired t-test was used. P-values <0.01 or <0.05 were considered significant.
Results
IRI down-regulated renal expression of Klotho mRNA and protein in mouse kidneys
On the first day after surgery, the plasma creatinine (PCr) concentration and plasma urea nitrogen (PUN) concentration were significantly higher in the IRI group than in the sham-operated group (Figure 1a and b) . Ischaemiareperfusion severely damaged the tubules, and HE staining revealed loss of the brush border, epithelial cell detachment from the basement membrane, and tubular obstruction at 24 h (Figure 1e ). There were no abnormal findings in the sham-operation group (Figure 1e ). Klotho mRNA expression and Klotho protein expression were significantly reduced in the IRI kidneys after 24 h of reperfusion (Figure 1c and d) . Immunohistological staining in the sham group revealed predominant expression of Klotho protein in the distal tubular epithelial cells, whereas Klotho staining in the same regions was reduced after 24 h of reperfusion (Figure 1e ).
Effects of Klotho gene transfer on IRI in mice
Mice were intravenously injected with ad-kl or ad-LacZ 8.0 × 10 9 pfu 24 h before the IRI procedure, and expression of Klotho mRNA and protein expression were confirmed 24 h later. Hepatic Klotho mRNA and protein expression were significantly increased in the ad-kl group 24 h and 48 h after the adenovirus injection (data not shown), and renal Klotho mRNA and protein expression in the ad-kl group were also significantly increased at 24 h and 48 h after the adenovirus injection (24 h: Figure 2a and b; 48 h: data not shown).
Immunohistological staining in the ad-LacZ group revealed that Klotho protein was predominantly expressed in the distal tubular epithelial cells. Klotho staining was also increased in the proximal tubular epithelial cells in the ad-kl group (Figure 2c) .
After 24 h of reperfusion, the PCr and PUN elevation was significantly blunted in the ad-kl mice in comparison with the ad-LacZ mice (Figure 3b and c) . The renal damage detected histologically was more severe in the ad-LacZ IRI group than in the ad-kl IRI group, and necrosis, loss of the brush border, cast formation in the cortex and protein cast formation in the medulla, in particular, were more severe (Figure 3a) . No abnormal findings were detected in the adLacZ or ad-kl sham operation group (data not shown). The ATN score showed significant protection of the ad-kl IRI group from IRI ( Figure 3d ).
Next, we investigated whether ad-kl administration had any effect on the apoptotic process, and the results showed that ad-kl significantly reduced the number of TUNELpositive cells after renal IRI (Figure 3a and e).
Microarray analysis of mIMCD3 cells transfected with ad-kl
mRNAs were extracted 24 h after transfecting mIMCD3 cells with ad-kl or ad-LacZ, and a cDNA microarray analysis was performed. The profile of Klotho-induced alterations of gene expression is shown in Table 1 . The genes with a fold-change of expression in the range log 2 fold ratio >1.0 or < −1.0 were identified by using the Affymetrix software. Expression of 15 genes was altered considerably, and the results of RT real-time PCR showed that expression of 7 of the 15 altered genes was significantly upregulated ( Figure 4a ) and expression of 8 was significantly down-regulated (Figure 4b) . The results of real-time PCR showed that ad-kl transfection clearly up-regulated HSP70 and Klotho mRNA expression.
Overexpression of Klotho in mouse kidney
The gene information from the microarray analysis confirmed the mRNA expression level of candidate genes related to Klotho in Klotho-overexpressing kidneys in vivo. Expression of the HSP70 protein had significantly increased (Figure 5a ). Immunohistological staining of the kidneys of the ad-kl group revealed that the HSP70 protein was predominantly expressed in the tubular epithelial cells (Figure 5b) . Expression of the Bcl-xl and Bcl-2 proteins had significantly increased (Figure 5c and d) .
Expression of the HSP70 and Bcl-xl proteins had significantly increased in the Klotho-overexpressing mIMCD3 cells (Figure 6a-c) and HK2 cells (Figure 6d-f) . However, neither HSP70 nor Bcl-xl protein expression was increased in the Klotho-overexpressing mIMCD3 cells or HK2 cells in the presence of the HSP70 inhibitor (quercetin) (Figure 6a-f) . In addition, ad-kl significantly reduced the 
Discussion
The results of this study showed that IRI reduced Klotho mRNA and protein expression in the mouse kidney and that adenovirus-mediated Klotho gene transfer mitigated the plasma creatinine elevation and morphological renal damage. Klotho-related genes were selected by cDNA microarray analysis of Klotho-overexpressing mIMCD3 cells, and mRNA expression of HSP70 was altered in ad-kltransfected mIMCD3 cells and mouse kidneys.
Adenovirus-mediated Klotho gene transfer into mIMCD3 cells has recently been demonstrated to mitigate hydrogen-peroxide-induced apoptosis [9] . In the other studies, Klotho protein increases resistance to oxidative stress and apoptosis in COS, HeLa, CHO cells, [2] and HUVECs [22] . Since these findings suggested that Klotho is involved in the pathophysiology of oxidative stress, we hypothesized that Klotho-overexpressing renal tubular cells are resistant to oxidative stress in vivo and tried to detect Klotho overexpression in the kidney. No Klotho overexpression was detected in the kidney in our previous study [10] in which the Klotho gene was transferred into mice by the hydrodynamic intravenous tail vein injection method, which is superior to the standard intravenous injection method because of the efficiency of virus delivery to the kidney [19] , but Klotho overexpression in mouse renal tubular cells was confirmed in the present study.
Recent studies have detected secreted Klotho in serum and cerebrospinal fluid [23] , but no Klotho was detected in serum by immunoprecipitation Western blotting with monoclonal human Klotho Ab (KM2076) in the present study (data not shown). Since the present study confirmed Klotho overexpression in the renal tubule cells of mouse kidney, and IRI in the kidney is well known to mainly affect the renal tubules [24] , the reduced damage observed in the renal tubules in the ad-kl-transfected mice may have been due to a direct effect of the Klotho expressed in the renal tubules.
We used a microarray analysis to identify candidates for the genes responsible for the anti-apoptotic effect of Klotho, and several genes were found to be up-regulated or down-regulated in ad-kl-vector-transfected mIMCD3 cells (Table 1) . A recent study showed that Klotho protein reduced apoptosis, and the levels of Caspase-3 and Caspase-9 activity and of p53 and p21 expression in HUVECs [23] . Another study concluded that Klotho regulates the cell lifespan through p53 and p21 proteins, and the relation between Klotho and p53 may be associated with increased signalling through the insulin/IGF-1 pathway in MRC-5 human primary fibroblast cells [25] . However, in the present study, we did not detect any changes in IRS1, AKT, p21 or p53 mRNA expression in Klotho-overexpressing mIMCD3 cells (data not shown).
The HSP70 mRNA and protein levels were also increased by increased Klotho expression in vivo. HSPs have a cytoprotective function as molecular chaperones, and their expression increases in response to a wide variety of stresses, including heat shock, hypoxia, exposure to hydrogen peroxide and ischaemia [26] . Indeed, several studies have shown that overproduction of HSPs in the kidney induced by whole-body hyperthermia or ischaemic preconditioning increases resistance to subsequent IRI [27] [28] [29] , and in those studies the Hsp70 family was suggested to play the major role in renoprotection. In the present study, pretreatment with quercetin, an inhibitor to HSP induction, significantly suppressed the expression of HSP70 and Bcl-xl induced by overexpressed Klotho. In addition, pretreatment with quercetin has been found to suppress renoprotection by HSP70 induction in renal IRI [30, 31] . Recent studies have suggested that HSP70 precipitates Bcl-2 and Bcl-xl, widely known antiapoptotic proteins, and this interaction between HSP70 and both Bcl-2 and Bcl-xl proteins may afford cytoprotection, a role compatible with the chaperone function for stress protection [32] [33] [34] . The gene encoding HSP70 is probably the major gene related to the anti-apoptotic effect of Klotho.
Down-regulation of Klotho expression may be involved in the pathophysiology of IRI associated with the induction of tubular cell apoptosis. Since responses related to renal IRI, such as apoptosis, inflammation and cell differentiation or proliferation, have been clarified by cDNA microarray analysis, analysing the relationship between Klotho and altered gene expression may reveal the precise role of Klotho in renal IRI [17] . Moreover, the induction of Klotho expression by adenovirus gene transfer raises the novel possibility of treating IRI in the kidney, and application of this gene transfer strategy may have a protective effect against acute kidney injury. In conclusion, Klotho is involved in the pathophysiology of IRI. Klotho mitigates apoptosis in experimental ischaemic acute kidney injury via expression of HSP70.
